
1 W Physics Program at RHIC

1.1 Questions raised to the W spin physics program

Several questions were raised toward the feasibility and experimental readiness of the W

spin physics program. Before going into further detail the different points will be addressed

here.

• Can the luminosity needed for a W production program with impact on the antiquark

polarizations be achieved?

For a successful W program to achieve sensitivities to the sea quark polarizations a

luminosity of at least 300 pb−1 has to be accumulated at an invariant mass
√

s =500

GeV with a beam polarization of 70%. According to the expected luminosities of the

RHIC running in the next years this can be achieved. It is further discussed in Section

2 of the main spin plan.

• Which detector upgrades are critical for the W program? DOE has ended up con-

fused, for example, about how strong a role the PHENIX FVTX and NCC upgrades

are for this program.

The detector upgrades needed for the W program are the Forward Gem Tracker up-

grade (FGT) in STAR and the muon trigger upgrade (consisting of a front end elec-

tronics upgrade of the existing tracker and the installation of resistive plate counters

(RPC)) in PHENIX. The background suppression in STAR is expected to be at least

two orders of magnitude from electron hadron separation, and the hadronic back-

ground in PHENIX is expected to be reduced by tight cuts on tracking and using

an additional absorber. Both experiments anticipate a signal to background ratio

of about 3. Further upgrades will improve the extraction of the signal but are not

required.

• Can adequate hadronic background suppression be attained in realistic simulations

of detector performance, in the absence of a conventional missing energy determina-

tion?

Both experiments have run detailed simulations for detecting Ws in the forward/backward

regions which show that the expected backgrounds are understood and that they can

be reduced enough to extract the W asymmetries from the data. The background

suppression in STAR is at least two orders of magnitude, the hadronic background in

PHENIX can be reduced with tight cuts and an additional absorber to obtain a signal

to background ratio of 3. Further details, including also mid-rapidity detection and

background, are described below.

• Is present or projected tracking resolution sufficient for adequate charge sign dis-

crimination?

The tracking resolution and charge sign discrimination capabilities in the barrel part
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of the STAR detector and the Central arms of the PHENIX detector are already suf-

ficient with one caveat. For STAR studies of potential TPC space charge distortions

at high luminosity have not been completed as of now and present estimates use a

factor of 3 larger hit resolution in the TPC in the simulations, and achieve 80-95%

correct charge discrimination. In the forward regions the FGT will allow a charge

detection efficiency of more than 90% at 30 GeV. The PHENIX muon arms can distin-

guish the charge sign with more than 97% efficiency for muon momenta of around

40 GeV.

• What are the respective roles of detector performance and of kinematic ambiguities

in limiting x resolution? How will sea antiquark polarizations be extracted from

RHIC measurements of W production?

A determination of xBj is generally only possible at leading order after knowing the

W momentum. In the inclusive measurement the decay smears out such a distinc-

tion, however one is still predominantly sensitive to certain regions in xBj depending

on the lepton rapidity and transverse momentum. As the quark polarizations are

reasonably known, the differences in the asymmetries can be directly attributed to

the sea polarizations in rapidity regions where the sea contribution is large. Similar

to the ∆G analysis at RHIC NLO χ2 distributions can be directly extracted for the sea

polarizations and the framework for a global analysis is existing.

• Within projected funding profiles, can we meet the 2013 performance milestone?

What are the critical milestones in a plan to get there?

Three milestones can be identified to ensure a successful W program at RHIC to fulfill

the 2013 performance milestone:

1. Both experiments are ready for mid-rapidity W measurements now. PHENIX

will be ready with necessary trigger upgrades for the 2010 run, for the for-

ward/backward muons. STAR will be ready for forward/backward electrons for

the 2011 run following the present plan.

2. The luminosities needed for the determination of the sea quark polarizations

are high - this requires yearly development of the high energy beams and the

need for high polarization.

3. The actual running time of the RHIC collider at
√

s = 500 GeV has to be long

enough to accumulate the luminosities required before 2013.

With the projected Luminosity and the FGT upgrade for STAR and the Muon Trigger

upgrade for PHENIX it will be possible to meet the milestone.

1.2 Theoretical foundation

The W physics program at RHIC in high-energy polarized proton-proton collisions has been

featured in various review articles [1, 2]. Key arguments based on those documents will
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be summarized below, before specific aspects of the W kinematics and asymmetries are

reviewed, which are essential to motivate the W program both in PHENIX and STAR.

1.2.1 Introduction

Various polarized DIS [3, 4, 5, 6, 7, 8, 9, 10, 11, 12] experiments in combination with

constraints given by baryon octet β-decays [13, 14, 15, 16] show that the total quark and

anti-quark contribution to the proton spin, summed over all flavors, is surprisingly small.

Inclusive DIS (through γ∗ exchange) measurements provide only sensitivity to the com-

bined contributions of quarks and anti-quarks summed over all flavors. However, those

measurements cannot provide information on the polarized quark and anti-quark densities

separately and in particular the anti-quark polarizations are not determined by inclusive

DIS. Direct measurements of individual polarized anti-quark distributions are therefore an

important task. It will allow to clarify the overall picture concerning DIS and the β-decays

by determining the individual quark and anti-quark contributions by flavor.

Semi-inclusive DIS measurements [17, 18] are one approach to achieving a separa-

tion of quark and anti-quark densities. This method combines information from proton

and neutron (or deuteron) targets and uses correlations in the fragmentation process be-

tween the type of hadron and the flavor of its originating parton, quantified in terms of

fragmentation functions. However, the dependence on the details of the fragmentation

process limits the accuracy of this method. The experiment E04-113 at Jefferson Labora-

tory plans to extract quark polarizations, ∆uv, ∆dv and ∆ū − ∆d̄, for x = 0.12 − 0.41 at

Q2 = 1.21 − 3.14 GeV2 based on the measurement of the combined asymmetries Aπ+−π−

1N

[19]. Even if the fragmentation functions were perfectly known the low scales of these

measurements raise complications about the theoretical uncertainties of the extractions of

quark polarizations.

Figure 1 shows the result of a global analysis including both inclusive and semi-inclusive

DIS measurements [20]. While the sum of quark and anti-quark distributions, separately

shown for u-quarks and d-quarks, is well known, the anti-quark distributions for u-quarks

and d-quarks are unconstrained. Results are shown for two different sets of fragmentation

functions referred to as KRE [21] and KKP [22]. The result of this global analysis provides

yet another argument why further experimental work is needed to improve the accuracy

of the knowledge of the SU(2) (u, d) sea.

At RHIC, direct sensitivity to the polarization of u, ū, d, and d̄ quarks in the proton is

possible using maximal parity violation for the production of W bosons in ud̄ → W+ and

dū → W− [23, 24, 25, 26, 27, 28, 29, 33].
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Figure 1: Parton densitites at Q2 = 10 GeV2 along with uncertainty bands corresponding to

∆χ2 = 1 and ∆χ2 = 2% [20].

In addition to the polarized sector of quark distribution functions, RHIC has the poten-

tial to constrain unpolarized quark distribution functions at large Bjorken-x values.

Experiments in recent years have shown [34, 35, 36, 37, 38] a strong breaking of

SU(2) symmetry in the anti-quark sea, with the ratio d̄(x)/ū(x) rising to 1.6 or higher.

It is very attractive to learn whether the polarization of ū and d̄ is large and asymmetric

as well. Within the chiral quark soliton model based on a 1/Nc expansion, it is expected

that the polarized flavor asymmetry, ∆ū−∆d̄, is larger than the experimentally established

flavor asymmetry in the unpolarized sector [39, 40]. A measurement of the parity-violating

asymmetry, AL, in W production will address the underlying mechanism responsible for the

expected polarized flavor asymmetry. RHIC experiments will measure the d̄/ū unpolarized

ratio and the ū and d̄ polarizations separately.

1.2.2 Kinematics and Asymmetries

The following section will review basic aspects of kinematics and asymmetries and follows

closely the discussion in [1, 2]. The standard model production of W bosons proceeds

through a pure V -A interaction. Thus, the helicity of the incoming quark and anti-quark is

fixed. In addition, the W boson couples to a weak charge that correlates directly to flavors.

The production of W bosons in proton-proton collisions is dominated by u, d, ū, and d̄, with

some contamination from s, c, s̄, and c̄, mostly through quark mixing. Therefore W boson
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Figure 2: Production of W+ bosons in ~pp collisions [1]. (a) ∆u is probed. (b) ∆d̄ is probed

[1, 2]. The proton on the top in each panel is taken to be the polarized proton, with either

positive (left) or negative (right) helicity.

production is an ideal tool to study the spin-flavor structure of the nucleon. The leading-

order production of a W+ boson, ud̄ → W+, is illustrated in Figure 2.

The cross sections for W+ and W− differential in the W boson rapidity yW and the

scattering angle θ∗ of the decay lepton in the W center-of-mass system is given as follows:

(

d2σ

dyWd cos θ∗

)

W+

∼ u(x1)d̄(x2)(1 − cos θ∗)2 + d̄(x1)u(x2)(1 + cos θ∗)2 (1)

and

(

d2σ

dyWd cos θ∗

)

W−

∼ d(x1)ū(x2)(1 + cos θ∗)2 + ū(x1)d(x2)(1 − cos θ∗)2 (2)
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Figure 3: Helicity configuration of W− (left) and W+ (right) production showing on top the

helicity configuration of the incoming quark and anti-quark. The middle panel shows the

direction of the W spin. The lower panel displays the preferred direction of e−/e+ quoting

the scattering angle θ∗ in the W center-of-mass system measured with respect to the positive z
axis.

The characteristic dependence on the θ∗ is shown graphically in Figure 3 for the he-

licity configuration of W− (left) and W+ (right) production. This dependence is a direct

consequence of the underlying V -A interaction. The top panel shows the helicity configu-

ration of the incoming quark and anti-quark. The middle panel shows the direction of the

W spin. The lower panel displays the preferred direction of e−/e+ quoting the scattering

angle θ∗ in the W center-of-mass system measured with respect to the positive z axis.

The momentum fraction carried by the quarks and anti-quarks, x1 and x2 (without yet

assigning which is which), can be determined from the W boson rapidity yW as follows:

x1 =
MW√

s
eyW , x2 =

MW√
s

e−yW . (3)

The parity-violating asymmetry is the difference of right-handed (N+(W )) and left-

handed (N−(W )) production of W bosons, divided by the sum, normalized by the beam

polarization (P ):

AW
L =

1

P
× N+(W ) − N−(W )

N+(W ) + N−(W )
. (4)

At RHIC, one can determine this asymmetry from either polarized beam, and by sum-

ming over the helicity states of the other beam. The production of the left-handed weak

bosons violates parity maximally. Therefore, if for example the production of the W+

proceeded only through the diagram in Figure 2a, the parity-violating asymmetry would

directly equal the longitudinal polarization asymmetry of the u quark in the proton:

AW+

L = −u−

−(x1)d̄(x2) − u−

+(x1)d̄(x2)

u−

−(x1)d̄(x2) + u−

+(x1)d̄(x2)
= −∆u(x1)

u(x1)
. (5)
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Similarly, for Figure 2b alone,

AW+

L = − d̄+
−(x1)u(x2) − d̄+

+(x1)u(x2)

d̄+
−(x1)u(x2) − d̄+

+(x1)u(x2)
=

∆d̄(x1)

d̄(x1)
. (6)

In general, the asymmetry is a superposition of the two cases:

AW+

L = −∆u(x1)d̄(x2) − ∆d̄(x1)u(x2)

u(x1)d̄(x2) + d̄(x1)u(x2)
. (7)

To obtain the asymmetry for W−, one interchanges u and d.

For proton-proton collisions at RHIC with
√

s = 500 GeV, the quark will be predomi-

nantly a valence quark. By identifying the rapidity of the W , yW , relative to the polarized

proton, we can obtain direct measures at leading order of the quark and anti-quark po-

larizations, separated by quark flavor: AW+

L approaches −∆u/u in the limit of yW ≫ 0,

whereas for yW ≪ 0 the asymmetry becomes ∆d̄/d̄.

This picture is valid for the predominant production of W bosons at QT ∼ 0. The

experimental difficulty is that the W boson is observed through its leptonic decay W → lν,

and only the charged lepton is observed. The four momenta of the W boson cannot be

determined from the momenta of its decay products. Therefore, the rapidity of the W

boson cannot be measured directly. It is necessary to relate the lepton kinematics to yW ,

so that one can assign the probability that the polarized proton provided the quark or anti-

quark. Only then would it be possible to translate the measured parity-violating asymmetry

into a determination of the quark or anti-quark polarization at leading order in the proton.

As will be shown below, this is only possible in an approximate way provided that the final

state lepton is tagged in the forward/backward (large |yl|) direction.

The rapidity of the W is related to the lepton rapidity in the W rest frame (y∗

l ) and in

the lab frame (ylab
l ) by

ylab
l = y∗

l + yW , where y∗

l =
1

2
ln

[

1 + cosθ∗

1 − cosθ∗

]

. (8)

Here θ∗ is the decay angle of the lepton in the W rest frame, and cosθ∗ can be determined

from the transverse momentum (pT ) of the lepton with an irreducible uncertainty of the

sign [43], since

pT = p∗T =
MW

2
sinθ∗. (9)

In this reconstruction, the transverse momentum QT of the W boson is neglected. In

reality, it has a QT , resulting for example from higher-order contributions such as ud̄ →
W+g and gu → W+d , or from primordial transverse momentum of initial-state partons.

For a given set of yl and pT , the above equations imply two solutions y+ and y− for yW .

One of them can be correctly chosen if the magnitude of the leptonic rapidity yl is large.
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While it is certainly valuable to determine the asymmetry, A(yW ), in an approximate

way in terms of the W boson rapidity in the forward rapidity region of the tagged lepton

and relate the so determined asymmetry at leading order to the underlying ratio of polar-

ized and unpolarized distributions functions, the asymmetry, A(yW ), is strongly sensitive

to experimental cuts imposed on the observed charged lepton [30]. It has been shown in

[30] that the directly measurable asymmetries in terms of the observed charged lepton,

A(yl) and A(pT ), are a viable alternative to the asymmetry A(yW ). The theoretical frame-

work on the measurement of the longitudinal single-spin asymmetry as a function of the

leptonic rapidity is well developed and has been presented in [30]. Reliable predictions

are provided based on resummation calculations. These calculations have been incorpo-

rated in a Monte-Carlo program called RHICBOS. This framework will be the basis for a

full global analysis to extract polarized quark and anti-quark distribution functions with

charged lepton asymmetries, A(yl) and A(pT ), as input [44].

Usually W production is identified by requiring charged leptons with large pT and large

missing transverse energy, due to the undetected neutrino. Since none of the detectors

at RHIC are hermetic, measurement of missing pT is not available, which leads to some

background. Possible sources of leptons with high pT include charm, bottom, and vector

boson production. Above pT ≥ 20 GeV/c, leptons from W decay dominate, with a small

contribution from Z0 production. The additional background from misidentified hadrons

is expected to be small at high pT . This will be discussed in further detail later.

The sensitivity has been estimated using the RHICBOS MC program [30] based on a cal-

culation for QT resummation of large logarithmic contributions originating from multiple

soft gluon contribution. This framework allows the prediction of the leptonic longitudinal

single-spin asymmetry for various distribution functions taking into account the impact of

leptonic cuts such as pT . The sensitivity to different distribution functions of the under-

lying quark and anti-quark distributions based on GRSV-STD, GRSV-VAL [31] and GS-A

[41] and others are shown in Fig. 4. GRSV-VAL considers a flavor asymmetric scenario of

∆u and ∆d whereas GRSV-STD is based on a flavor symmetry description. Clear discrim-

ination power to the choice of the underlying distribution function is seen in the forward

direction in case of W− production. For W+ production, the sensitivity is similar in the

forward and central region.

Despite the fact that the forward direction comprises a small fraction of the W produc-

tion cross section, it is an essential part of the measurement. As described above, models

show significant discriminating power in the forward direction, especially for W− produc-

tion. Moreover this kinematic region allows to connect the detected lepton back to the W

production kinematics, and the sea quark polarization.

The asymmetries to be expected in the corresponding detector parts of PHENIX and

STAR are shown in Fig. 5 as a function of the lepton rapidity and in Fig. 6 as a function of

the lepton transverse momentum pT . The large differences seen in Fig. 4 are still present

and are even more pronounced at large transverse momenta.
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Figure 4: Inclusive asymmetries AL obtained by RHICBOS [30] for the polarized parton

distribution functions GRSV standard, GRSV valence [31], DSSV [32], Gehrmann-Sterling A

[41], DNS [20] and AAC03 [42]. Left figure: Al−

L (top plot) and Al+

L (bottom plot) as a

function of the lepton rapidity y without a cut on the lepton’s transverse momentum. Right

figure: Al−

L (top plot) and Al+

L (bottom plot) as a function of the lepton rapidity y with pT > 20
GeV.

Figures 7 and 8 show the approximate x1, x2 dependences in the different acceptance

regions based on the rapidity of the W displayed as function of either the lepton rapidity or

its transverse momentum pT . A clear correlation of the sensitivities can still be seen at the

different lepton transverse momenta and rapidities and it will be possible to probe quark

polarizations at relatively high x and antiquark polarizations at smaller x at a high scale.

The acceptance in x1 for the valence d-quark reaches more than 0.65 so that one obtains

sensitivity to the high-x behavior of the d polarization. Power-counting rules [45] suggest

that ∆d(x) has to change its sign from negative values to approach 1 at x going to 1. It

is not completely clear at what x the sign of ∆d(x) has to change and if it really changes.

However, such a turnaround would be visible at the highest lepton rapidities at RHIC. As

can be seen in Fig. 9 the rising trend of the asymmetry with increasing rapidity would be

dampened or even start decreasing again.

As the scale of the quark and antiquark polarization measurements is basically the
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Figure 5: Inclusive asymmetries AL obtained by RHICBOS [30] for the polarized parton

distribution functions GRSV standard, GRSV valence [31], DSSV [32], and DNS [20] using a

maximal and minimal sea polarization scenario. The asymmetries Al−

L and Al+

L as a function

of the lepton rapidity ηLepton with pT > 20 GeV are shown in the different detector regions.

mass of the produced W (Q2 ∼ 6400 GeV2) one also obtains a large lever arm for the QCD

evolution. All existing measurements were made at significantly lower scales. This will

10



TP

20 25 30 35 40 45 50 55 60 65 70

L
A

-0.4

-0.2

0

0.2

0.4

0.6 DNS max
GRSV std
DNS min
DSSV
GRSV val

-W

PHENIX backward

TP

20 25 30 35 40 45 50 55 60 65 70

L
A

-0.4

-0.2

0

0.2

0.4

0.6

PHENIX central

TP

20 25 30 35 40 45 50 55 60 65 70

L
A

-0.2

0

0.2

0.4

0.6

0.8
PHENIX forward

TP

20 25 30 35 40 45 50 55 60 65 70

L
A

-0.6

-0.4

-0.2

-0

0.2

0.4
DNS max
GRSV std
DNS min
DSSV
GRSV val

+W

PHENIX backward

TP

20 25 30 35 40 45 50 55 60 65 70

L
A

-0.6

-0.4

-0.2

-0

0.2

0.4

PHENIX central

TP

20 25 30 35 40 45 50 55 60 65 70

L
A

-0.8

-0.6

-0.4

-0.2

-0

0.2

PHENIX forward

TP

20 25 30 35 40 45 50 55 60 65 70

L
A

-0.4

-0.2

0

0.2

0.4

0.6 DNS max
GRSV std
DNS min
DSSV
GRSV val

-W

STAR backward

TP

20 25 30 35 40 45 50 55 60 65 70

L
A

-0.4

-0.2

0

0.2

0.4

0.6

STAR barrel

TP

20 25 30 35 40 45 50 55 60 65 70

L
A

-0.2

0

0.2

0.4

0.6

0.8
STAR forward

TP

20 25 30 35 40 45 50 55 60 65 70

L
A

-0.6

-0.4

-0.2

-0

0.2

0.4
DNS max
GRSV std
DNS min
DSSV
GRSV val

+W

STAR backward

TP

20 25 30 35 40 45 50 55 60 65 70

L
A

-0.6

-0.4

-0.2

-0

0.2

0.4

STAR barrel

TP

20 25 30 35 40 45 50 55 60 65 70

L
A

-0.8

-0.6

-0.4

-0.2

-0

0.2

STAR forward

Figure 6: Inclusive asymmetries AL obtained by RHICBOS [30] for the polarized parton

distribution functions GRSV standard, GRSV valence [31], DSSV [32], and DNS [20] using a

maximal and minimal sea polarization scenario. The asymmetries Al−

L and Al+

L as a function

of the lepton transverse momentum pT with pT > 20 GeV are shown in the different detector

regions.

provide an additional constraint on the gluon polarization, which can be extracted from
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Figure 7: Average regions of x1 (blue lines) and x2(purple lines) in the different detector

ranges using RHICBOS [30] as a function of the lepton transverse momentum pT . The range

was calculated by the average value and taking the RMS on the corresponding x distributions.

the evolution. Figure 10 shows the impact of different gluon polarization scenarios on the

expected asymmetries as evolved to the W scale.
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Figure 8: Average regions of x1 (blue lines) and x2(purple lines) in the different detector

ranges using RHICBOS [30] as a function of the lepton rapidity ηLepton. The range was calcu-

lated by the average value and taking the RMS on the corresponding x distributions.

1.3 Measurement of flavor asymmetry of light sea quarks in nucleon

Sea quark distributions are difficult to calculate from first principles. Therefore, various

models have been proposed to describe sea quarks in the nucleon. The earliest models
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Figure 9: Inclusive single spin asymmetries AL for negative leptons as a function of the lepton

rapidity ηLepton in LO approximation. The Asymmetries shown are for DSSV (blue line), DSSV

but requiring a zero crossing toward 1 at x = 0.67(dashed line) and at x = 0.55 (dotted line),

GRSV standard (red line) and valence (purple line).

have assumed flavor symmetry of sea quarks in the nucleon. Since this assumption was

not based on any known symmetries, it remained to be tested by experiments.

It has already been shown by neutrino-induced charm production experiments [56] [57]

that the strange quark content in the nucleon is not as large as up and down sea quarks.

This asymmetry can be attributed to the large mass difference between strange quark and

up and down quarks. For the light up and down quarks, it was still possible that their

distributions in the nucleon sea are symmetric. To test the flavor symmetry of the up and

down quarks in the nucleon sea, one can measure the Gottfried sum [58]:

SG =

∫ 1

0

[F µp
2 (x) − F µn

2 (x)]dx =
1

3
+

2

3

∫ 1

0

[ū(x) − d̄(x)]dx. (10)

In Eq. 10, SG equals 1/3 if ū(x) and d̄(x) are identical. Early experiments [59, 60, 61]

suffered from large systematic errors and could not reach a definite conclusion, although

they consistently showed a value below 1/3.

More recently, the NMC collaboration reported a measurement on the Gottfried sum

with muon DIS data in the 1990s. Their measurement covered the smaller x region (down
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Figure 10: Inclusive single spin asymmetries AL for negative leptons as a function of the

lepton rapidity ηLepton in LO approximation. The Asymmetries shown are for GRSV including

a maximal gluon polarization (dashed line),a minimal gluon polarization (dash-dotted line),

zero gluon polarization (dotted line) and the best fit (std,continuous line) evolved to Q2 =
6400 GeV2.

to 0.004), allowing an accurate determination of SG = 0.235 ± 0.026 [62]. This result

provided the first strong evidence that ū(x) 6= d̄(x).

Following the NMC measurement, the d̄/ū ratios as a function of x were measured

using other experimental techniques. These new measurements include the NA51 [63]

and E866 [64] experiments with the Drell-Yan process and the HERMES experiment [65]

with semi-inclusive deep inelastic scattering. The d̄/ū asymmetry is clearly established

from these experiments.

Various theoretical models have been proposed to explain the d̄/ū asymmetry. Review

articles [66, 67, 68] have detailed descriptions on these models. Many models, e.g. meson-

cloud model, chiral quark model, and soliton model, attribute the flavor asymmetry to the

presence of isovector mesons (especially the pions). Other models such as instanton mod-

els, lattice gauge approach and Pauli-blocking model, consider the effects of the valence

quarks on the quark-antiquark sea. While these models are capable of describing the d̄ − ū
data, significant difficulties are encountered to reproduce the d̄/ū data at x > 0.2, where
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the E866 data suggest a rapid fall-off of this ratio.

To better determine mechanisms which generate the flavor asymmetric nucleon sea, it

is necessary to extend the x range of existing d̄/ū ratio measurements. At the high x region,

Drell-Yan experiments at the new 120 GeV Fermilab Main Injector (E906) and at the 50

GeV J-PARC have been proposed. At the other end of x range, Drell-Yan measurement at

RHIC could extend the present knowledge on the d̄/ū ratio down to around x = 10−3,

which is an order of magnitude lower than the E866 experiment.

At RHIC, W production in pp collisions could provide an independent measurement of

the d̄/ū ratio. The W+ distribution in xF = x1 − x2 in pp collision, fully integrated over

lepton decays, is proportional to [69]

cos2 θc[u(x1)d̄(x2) + d̄(x1)u(x2)] + sin2 θc[u(x1)s̄(x2) + s̄(x1)u(x2)]. (11)

where u(x), d(x), s(x) are the distribution functions for up, down and strange quarks in the

proton. By interchanging u with ū, d with d̄, one obtains the expression for W− production.

An observable directly related to the d̄/ū ratio is the ratio of the xF distributions for

W+ and W production. Given the fact that the contribution from strange quarks is small,

this ratio can be derived from Eq. (11)(and charge conjugated):

R(xF ) ≡
dσ

dxF

(pp → W+ + X)
dσ

dxF

(pp → W− + X)
≈ u(x1)d̄(x2) + d̄(x1)u(x2)

ū(x1)d(x2) + d(x1)ū(x2)
. (12)

R(xF ) is clearly symmetric with respect to xF = 0. At the kinematic region xF ≫ 0, where

x1 ≫ x2, the ratio can be approximated as

R(xF ≫ 0) ≈ u(x1)

d(x1)

d̄(x2)

ū(x2)
. (13)

while at xF = 0, the ratio is

R(xF = 0) ≈ u(x)

d(x)

d̄(x)

ū(x)
. (14)

Eqs. (13) and (14) show that a measurement of W+ relative to W− production in pp colli-

sion provide a correlated constraint on the ratios u(x)/d(x) at large x and ubar(x)/dbar(x)
at small x, both of which are insufficiently known [73]. In the next years, we expect greatly

improved constraints on u(x)/d(x) at large x from the W charge asymmetry measurements

at the Tevatron Run-2, as well as from W and Z production at LHC-B. RHIC will provide

an independent measurement of u(x)/d(x) at a lower value of sqrts than in the Tevatron

and LHC experiments. One advantage is that one obtains this ratio directly without the

need of nuclear targets. In PHENIX and STAR the xF coverage for W production is very

broad. To illustrate the sensitivity of R(xF ) to the d̄/ū ratio, Fig. 11 shows the calculations

for pp collisions at
√

s = 500 GeV using the MRS S0’, MRST, CTEQ5, and GRV98 PDFs.
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Figure 11: Prediction of the ratio R(xF ) of W production in pp collisions at RHIC (
√

s = 500
GeV) using the MRS S0’, MRST, CTEQ5, and GRV98 PDFs.

At xF = 0, which corresponds to x1 = x2 = 0.16, the d̄/ū ratio is well determined to

be ≃ 2.0. Eq. 14 shows that R(xF = 0) ≃ 2d̄/ū(x = 0.16). Fig. 11 shows that, R(xF = 0)
for the d̄/ū asymmetry MRST, CTEQ5, and GRV98, all have very similar predictions. In

contrast, the calculation using MRS S0’, which has symmetric d̄, ū distributions, gives a

significantly lower value for R(xF = 0): R(xF = 0) ≃ 2.

A distinct advantage of extracting the d̄/ū ratio from W boson production in pp collision

is that no correction for the nuclear effect in the deuteron and no assumption on the

validity of charge symmetry (i.e. up = dn, un = dp, ūp = d̄n, etc) is required. This is in

contrast to the Drell-Yan experiments and the Gottfried-sum measurement, which require

nuclear binding corrections on the effect in the deuteron and the assumption of charge

symmetry to relate the neutron with the proton parton distributions. It is also worth

noting that the d̄/ū ratio extracted from W boson production explores the symmetry of

nucleon sea at a very large value of Q2 (Q2 = m2
W ≃ 6400 GeV2). A comparison with d̄/ū

obtained from E866 Drell-Yan would reveal how the sea quark asymmetry evolves with the

Q2 scale.

At large xF , x2 becomes small, and xF ≃ x1. Therefore, R(xF ≫ 0) probes u/d at

large x as well as d̄/ū at small x (see Eq. 13). The value of d̄/ū at small x are quite well

determined from the E866 Drell-Yan measurement. In fact, one expects d̄/ū → 1 as x → 0
from perturbative QCD. Therefore, the main interest for measuring W+/W− ratio at large

xF in PHENIX is to determine the u/d ratios at large x. As discussed in a later section, the
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u/d ratio at large x is still poorly determined experimentally and remains a very interesting

topic to study at RHIC.

A detailed simulation code has been written to calculate the W production cross sec-

tions and the expected statistical accuracy for measuring the W+/W− ratio in PHENIX.

This code can reproduce the W and Z boson production cross sections measured at UA2

and CDF. The differential cross section for W production at RHIC energy is shown in

Fig. 12. This code also takes into account the W± → l±µ decay. The experimental observ-

able in PHENIX is the l+/l− ratio as a function of the rapidity y of the charged leptons.

The expected l+/l− and the statistical uncertainties for an integrated pp luminosity of 950

pb−1 are also shown for several different PDFs. The acceptance of the muon arms has

been included in the calculation. Fig. 13 clearly demonstrates that the W production data

anticipated at PHENIX has a sufficient accuracy to test the d̄/ū asymmetry in the nucleon

sea.
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Figure 12: Differential cross section for W production at RHIC (
√

s = 500 GeV) as a function

of xF calculated using MRST.
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Figure 13: The data points correspond to the expected l+/l− ratio and its statistical uncer-

tainty in the PHENIX detector for 950 pb−1 as a function of charged lepton rapidity y. The

four curves correspond to the l+/l− ratio predicted by MRS S0’, MRST, CTEQ5, and GRV98

PDFs.

19



2 W physics program at STAR

2.1 Forward region

Figure 14: 3D-view of the STAR inner and forward tracking region as implemented in the

GEANT model of the STAR detector (STARSIM).

The STAR collaboration is preparing a tracking detector upgrade to further investi-

gate fundamental properties of the new state of strongly interacting matter produced in

relativistic-heavy ion collisions at RHIC and to provide fundamental studies of the proton

spin structure and dynamics in high-energy polarized proton-proton collisions at RHIC.

The STAR forward tracking upgrade, specifically the Forward GEM Tracker (FGT), will fo-

cus on novel spin physics measurements in W production in high-energy polarized proton-

proton collisions. The FGT project has been reviewed by the BNL Detector Advisory Board

in January 2007 and was recommended to be pursued on an aggressive schedule. The

total project cost is estimated to be below $2 million, which will allow for an accelerated

construction and installation. The actual review of the FGT project organized by BNL and

STAR occurred in January 2008 and resulted in the recommendation to fund the FGT effort

through capital equipment funds.

Measurements aimed at determining the flavor dependence (∆ū versus ∆d̄) of the

polarized sea are a primary future goal of the STAR spin program. The production of

W−(+) bosons provides an ideal tool to study the spin-flavor structure of the proton. W−(+)

bosons can be detected through their leptonic decays, e− + ν̄e (e+ + νe), where only the

respective charged lepton is measured. Forward scattered e−(+) tagged in the STAR Endcap

ElectroMagnetic Calorimeter (EEMC) (1 < η < 2) with the incoming polarized proton

beam moving toward (away) from the STAR EEMC, yield a purity for W−(+) coming from
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ū+d (d̄+u) quarks of about 98% (75%) [46]. The STAR EEMC region provides additional

way to constrain to constrain polarized quark distribution functions in W production. The

charge sign discrimination probability is clearly adequate at mid-rapidity as well as the

STAR BEMC to provide e/h separation by at least two order of magnitude. However, the

focus of the following discussion is based on the STAR EEMC acceptance region.

The discrimination of ū + d(d̄+u) quark combinations requires distinguishing between

high pT e−(+) through their opposite charge sign, which in turn requires precise tracking

information. An upgrade of the STAR forward tracking system is needed to provide the

required tracking precision for charge sign discrimination. This upgrade will consist of six

triple-GEM detectors with two dimensional readout arranged in disks along the beam axis

(Z), referred to as the Forward GEM Tracker (FGT).

Figure 14 shows a 3D-view of the STAR inner and forward tracking region as imple-

mented in the GEANT model of the STAR detector (STARSIM). The set of six triple-GEM

disks can be clearly seen. Figure 15 shows a 3D-view of the FGT as modeled by the me-

chanical engineering design tool SolidWorks. The GEM disks will sit inside the inner field

cage of the STAR Time Projection Chamber (TPC), and have an outer radius of 38.6 cm

and an inner radius of 10.5 cm. Each triple-GEM disk is subdivided into quarter sections

whose boundaries are aligned with respect to the TPC sector and EEMC boundaries. All

mechanical details and gas piping have been implemented along with the design of a new

west support structure.

The charge-sign discrimination of high-pT e−(+) to distinguish W−(+) bosons in the

range 1 < η < 2 will be based on using a beam line constraint, precise hit information

from six triple-GEM disks, hits from the TPC, and the electromagnetic cluster data from

the shower-maximum detector of the STAR EEMC. Information from the existing detectors

(without the FGT) is insufficient. Furthermore, the separation of e−(+) from hadronic

background will be important and therefore the full exploitation of the STAR EEMC with

its intrinsic means for e/h separation (pre-shower and post-shower readout system) will

be crucial. The charge sign determination of forward scattered e−(+), tagged in the STAR

EEMC in polarized proton-proton collisions is the main motivation for the STAR forward

tracking upgrade.

Several options have been studied based on disk and barrel arrangements. The pro-

posed configuration based on six triple-GEM disk detectors addresses several issues such

as optimized acceptance taking into account the position of the collision vertex along the

beam axis (Z) with a Gaussian sigma of about 30 cm. It has been shown that a disk con-

figuration is preferred in terms of acceptance and resolution in comparison to a barrel

configuration, in particular at large η. The proposed configuration provides a rather cost

effective solution based only on triple-GEM technology. The usage of additional silicon

disks at smaller radii does not yield an improvement in performance. Precise hit informa-

tion from the fast inner tracking system (Silicon Strip Detector or SSD and the proposed

Intermediate Silicon Tracker or IST) is useful to enhance the acceptance away from the
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Figure 15: 3D-view of the FGT as modeled by the mechanical engineering design tool called

SolidWorks.

FGT and the center of STAR (Z < 0).

A number of simulations have been performed in developing the FGT layout to opti-

mize the overall FGT geometry, the number and location of planes, to assure high charge

sign discrimination efficiency. In additions, several studies have been performed to opti-

mize the readout strip geometry along with studies concerning the charge collection in the

GEM chambers which will eventually be used for developing tracking and vertex finding

algorithms in the full multi-particle pileup environment expected in real events. Initial

studies of e/h discrimination have been performed based on full W and QCD background

MC samples.

Figure 16 shows the charge discrimination probability (ratio of the number of recon-

structed tracks with the correctly reconstructed charge sign divided by the number of gen-

erated tracks) for the case of: a) only the TPC and vertex constraint, b) as in a) but adding

the EEMC SMD and c) as in b) and including the FGT, SSD and IST. The TPC only case

shows a clear drop in the charge discrimination probability for η > 1.3. The impact of

the EEMC SMD can be seen by comparing Figure 16 a) and Figure 16 b). The need for
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additional precise hits from the FGT is clearly apparent from a comparison of Figure 16

b) and Figure 16 c). A number of variations about our optimum design and anticipated

performance have been considered to test the robustness of the resulting charge sign dis-

crimination of high-pT tracks in the STAR EEMC acceptance region. It has been shown

that this task can be accomplished using a beam line constraint, precise hit information

from six triple-GEM disks, hits at forward η from the TPC and the electromagnetic-cluster

hit information from the shower-maximum detector of the STAR EEMC. The proposed

configuration provides optimized acceptance for a Z vertex distribution width of about

30 cm. Precise hit information from the fast inner tracking system (IST and SSD) is use-

ful to enhance the acceptance for Z < 0. However, those hits are not mandatory for the

physics program as presented in this proposal. The proposed configuration provides a cost

effective solution based on GEM technology only.

GEM technology is widely employed by current and future experiments in nuclear and

particle physics. A SBIR1 proposal [47] (Phase 1 and Phase 2) has been approved and is

the basis for the development of the industrial production of GEM foils to be used for the

forward GEM tracking system [48]. The proposed configuration is based on light-weight

materials to limit the amount of dead material in the forward direction.

The challenge of e/h discrimination is illustrated in Figure 17. The pT distributions for

charged hadrons from a PYTHIA MC sample are shown in comparison to a PYTHIA MC

sample of electrons from W events. Even at the peak of the W− decay distribution near pT

= 40 GeV there are ≈300 times more hadrons than electrons. The situation clearly gets

worse with lower pT . Figure 17 also demonstrates that a drastic reduction in background

can be achieved while retaining most of the W signal events by requiring isolation cuts and

a ‘missing pT ’ cut (actually a veto on energy opposite the electron candidate in φ), and at

40 GeV these appear nearly sufficient. A reduction of hadronic background by at least two

orders of magnitude is expected.

The STAR EEMC provides a powerful set of individual calorimeter elements for efficient

e/h discrimination through transverse and longitudinal shower shape discrimination. Fig-

ure 18 shows a typical shower for a 30 GeV electron. Electrons form a shower contained in

approximately one Moliere radius beginning at the first layers of the calorimeter building

to a large number of particles at the shower maximum detector and decreasing toward the

back of the calorimeter. The calorimeter is only one hadron interaction length deep and

hadrons can pass through the EEMC with a MIP response only. In case a hadronic shower

does develop, a large diffuse shower is produced and significant energy leaves the rear of

the calorimeter.

EEMC pre-shower layers, the shower maximum detector, the individual calorimeter

1SBIR (Small Business Innovation Research) is a highly competitive program within the Department of

Energy that encourages small business to explore their technological potential and provides the incentive to

profit from its commercialization.
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Figure 16: Charge sign discrimination probability (ratio of the number of reconstructed tracks

with correctly reconstructed charge sign divided by the number of generated tracks) for a) TPC

+ vertex only, b) TPC + vertex + EEMC SMD, c) all in b) plus FGT, SSD, and IST.

Figure 17: pT distribution for charged hadrons from a PYTHIA MC sample including detector

effects in comparison to a PYTHIA MC sample of electrons from W events. A drastic reduction

in background can be achieved while retaining most of the W signal events by requiring an

isolation criteria and a missing pT cut.

towers and the post-shower layer are required to preserve suitable signal-to-background

ratios at lower pT where increasing hadronic background can dominate the electron/positron

signal.

The EEMC subsystems are currently being used for the development of photon recon-

struction algorithms. This effort will clearly benefit the required e/h discrimination for the

W program in STAR.

The readout system for the proposed FGT is based on the APV25-S1 readout chip [49],

which has been extensively tested for the CMS silicon tracker [50] and is also used for the

COMPASS triple-GEM tracking detectors [51]. The same chip will also be used for the IST

24



Figure 18: Cross section of EEMC lower half. e/h discrimination will rely on measured longi-

tudinal and transverse profile of the EM and hadronic showers. The plot shows a shower from

a 30 GeV electron.

in STAR. The use of a common chip readout system will significantly simplify the design of

the overall readout system for the STAR tracking upgrade. The overall readout system is

well developed.

The performance of a set of three triple-GEM prototype detectors has been evaluated

during a testbeam experiment at FNAL in May 2007. Those prototype detectors are based

on commercially produced GEM foils, a laser-etched 2D readout board along with a proto-

type APV25-S1 chip readout system and thus allowed to test the performance of the main

components to be used for the actual FGT triple-GEM detectors. The results of the test-

beam experiment clearly demonstrate that the requirements on the STAR forward tracking

upgrade are met.

It should be stressed that the tracking upgrade for STAR, based on well-established,

intrinsically fast detector and readout elements, will provide a significant improvement of

the existing STAR tracking system, in particular for the expected high luminosity operation

at RHIC.

The expected asymmetries in the forward and backward regions using the FGT after

detector simulation of signal and background can be seen from Fig. 19 as a function of the

lepton ET and in Fig. 20 as a function of the lepton rapidity.

25



Fri May 23 13:31:36 2008

,  Pol=0.7,  including QCD background and detector effects, no vertex cut-1STAR projections for LT=300 pb
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Figure 19: Projected asymmetries in the forward/backward STAR region as a function of

lepton ET . The data has been obtained for GRSV standard, GRSV valence [31], DSSV [32],

and DNS [20] using a maximal and minimal sea polarization scenario in RHICBOS [30] after

detector simulation and inclusion of background for 300 pb−1 assuming 70% polarization.

2.2 Central region

Figure 21 shows the projected uncertainties for 300 pb−1 and 70% beam polarization of AL

as a function of ET in the mid-rapidity acceptance region of the STAR BEMC (−1 < η < 1).

QCD background effects have not been included at this stage. Those are expected to

be small. However, an electron finding efficiency of 70% has been taken into account

similar to the STAR EEMC acceptance region of 1 < η < 2. It is expected that the mid-

rapidity region will provide additional important constraints on the polarized anti-quark

distribution functions, in particular the polarized anti-d distribution function.
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Fri May 23 13:32:06 2008

,  Pol=0.7,  including QCD background and detector effects, no vertex cut-1STAR projections for LT=300 pb
 

 η lepton 
0.8 1 1.2 1.4 1.6 1.8 2

-0.6

-0.4

-0.2

0

0.2

0.4

(W+)   positron ET>25 GeVL  A Forward

 η lepton 
0.8 1 1.2 1.4 1.6 1.8 2-0.4

-0.2

0

0.2

0.4

0.6

(W-)   electron ET>25 GeVL  A Forward

 η lepton 
-2 -1.8 -1.6 -1.4 -1.2 -1 -0.8-0.6

-0.4

-0.2

0

0.2

0.4
GRSV-STD
GRSV-VAL
DNS2005-MAX
DNS2005-MIN
DSSV2008
STAR projections

(W+)   positron ET>25 GeVLBackward  A

 η lepton 
-2 -1.8 -1.6 -1.4 -1.2 -1 -0.8-0.6

-0.4

-0.2

0

0.2

0.4

(W-)   electron ET>25 GeVLBackward  A

Figure 20: Projected asymmetries in the forward/backward STAR region as a function of

the lepton rapidity η. The data has been obtained for GRSV standard, GRSV valence [31],

DSSV [32], and DNS [20] using a maximal and minimal sea polarization scenario in RHIC-

BOS [30] after detector simulation and inclusion of background for 300 pb−1 assuming 70%

polarization.
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Tue May 27 21:45:36 2008

,  Pol=0.7, effi=70%, no QCD background, no vertex cut-1STAR projections for LT=300 pb
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Figure 21: Projected uncertainties for 300 pb−1 and 70% beam polarization of AL as a function

of ET in the mid-rapidity acceptance region of the STAR BEMC (−1 < η < 1).
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Figure 22: Raw electron and positron yields in the central PHENIX detector from W decays

(e− purple, e+ blue) and charged pion yields from other processes (π+ black, π− red).

3 PHENIX W measurements

3.1 Central Arm electron asymmetries

The PHENIX central detectors provide good detection of W decays into electrons as a

combination of the drift chambers and the electromagnetic calorimeter can separate them

well from hadrons. As they will all be seen as high energy towers in the calorimeter the

existing EMCAL trigger with a high threshold can be used.

The unpolarized W predictions come from RHICBOS [30], and use the CTEQ5M pdfs.

The total cross section for W+ → e+ν into the central arms is 21 pb and 3.5 pb for W− →
e−ν̄.

The charged pion background has been derived at NLO from the invariant cross sec-

tions using the CTEQ6M distribution function parameterization and DSS fragmentation

functions at scale µ = pT [52]. As can be seen in Fig. 22 the raw pion yields are dominat-

ing over the electrons from W decays at the same pT , however no particle identification

has been applied, yet.

Using the ratio of deposited energy in the EMCal over the obtained particle momentum

one should be able to reject pions by at least a factor of 100 as they only deposit a small

fraction of their energy in an electromagnetic calorimeter. Additionally, an electron iso-

lation requirement (no jet activity around the electron in the central arm) should further

reduce the pion background by a factor of 3 to 10. While no detailed simulation of these

are available at present the combined rejection should make the W decay electrons in the

PHENIX central detector a clean channel.
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Figure 23: Simulated asymmetries in the PHENIX central arms for W+ → e+ν (left plot) and

W− → e−ν̄ as a function of pT . The data has been obtained for GRSV standard, GRSV valence

[31], DSSV [32], and DNS [20] using a maximal and minimal sea polarization scenario in

RHICBOS [30] for 300 pb−1 (full symbols) and 70 pb−1 (open symbols) assuming 70% beam

polarization.

The remaining uncertainty of the electron decay channel lies in the correct momentum

and charge reconstruction of a track. According to MC simulations of the PHENIX drift

chambers the charge is reconstructed correctly 95% of the time, but the detector alignment

has to be closely monitored to ensure this number. The momentum resolution is about 7

GeV for 40 GeV electrons which is acceptable.

The raw asymmetries as obtained from RHICBOS in the central arms of PHENIX are

shown in Fig. 23 for the expected luminosities in the first full W running year( 70 pb−1),

and for the planned W running through 2013 ( 300 pb−1). It can be seen that in the central

region quite sizable asymmetries can be observed. Even though the central region probes

predominantly intermediate x one can still see differences in the two sea polarization

scenarios. In particular the decay kinematics of the W+ make the central region most

sensitive to ∆d̄. Based on the raw asymmetries with a ideal detection this corresponds to

a sensitivity to distinguish a maximal from a minimal DNS ∆d̄ on the level of 12 standard

deviations with 300 pb−1.

3.2 Muon arm asymmetries

The separation of spin dependent distributions for quarks and anti-quarks requires mea-

surements in the forward/backward direction. In PHENIX this translates into measure-

ments of W → µν using the muon spectrometer arms with an acceptance of 1.2 < |η| < 2.2.

The W-data sample will be defined as the sample of inclusive single muons with pT > 20
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GeV in the muon spectrometer downstream of an upstream hadron absorber. We have

confirmed through detailed Monte Carlo simulations followed by a full reconstruction for

large background samples and W-signal samples that the W-signal to background ratio in

the inclusive single muon spectrum with pT > 25 GeV will be S/B≃3:1 using the planned

additional absorber [53]. The actual signal to background rate will be measured during

run 9. As the background does not originate from parity violating decays it only dilutes

the asymmetries but cannot introduce false ones.

We have found that the dominating background to the W-signal consists of decay muons

from low momentum hadrons which first punch through the absorber upstream of the

muon spectrometers and then decay in the volume of the muon spectrometer magnet

such that the combination of upstream hadron track and downstream decay muon track

is falsely reconstructed with high momentum. In order to reach a signal to background

ratio of S/B=3:1 it will be necessary to insert two additional nuclear interaction lengths of

absorber between the central magnet yoke and the upstream opening of the PHENIX muon

spectrometers. The absorber can be integrated with the RPC upgrade and it is planned that

the absorber be removable for heavy ion running if needed.

In addition to the absorber an upgrade of the first level muon trigger will be required

to be able to reduce the raw proton-proton collision rates of up to 8 MHz to the avail-

able bandwidth of the PHENIX data acquisition systems. The muon trigger upgrade en-

compasses two components: a new dedicated muon trigger spectrometer based on RPC

technology and new front-end electronics for the PHENIX muon tracking chambers which

will pass information from the muon tracking chamber front end to the first level trigger

processors.

In the trigger the muon tracker and RPC information will be complementary: the muon

tracker will provide precise tracking information and allow for a tighter momentum cut.

The RPCs have better timing resolution and will be used not only for the momentum

measurement but also for the rejection of beam related backgrounds in the trigger and the

suppression of cosmic rays in the offline analysis. The timing information also will be used

to correctly align W-event information with the beam polarization information.

The muon tracker front-end trigger electronics has been developed by a team of Japanese

collaborators in PHENIX under the leadership of groups at KEK and Kyoto University and

with the support of a $2.6M grant from the Japanese Society for the Promotion of Science.

The muon tracker trigger electronics technical design report has been reviewed at BNL on

November 29, 2007. It is currently planned to carry out the installation of the electron-

ics during the summer shutdowns of 2008 (all north muon spectrometers tracker stations

1, 2 and 3) and 2009 (all south muon spectrometer tracker stations 1, 2 and 3). It will

contribute one part of the muon trigger.

The RPC muon trigger detector will be based on technology which has been developed
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at Korea University in Seoul for the CMS forward muon trigger bakelite RPCs at the LHC.

CMS forward trigger RPCs stand out in reaching an aerial rate capability in excess of 2

kHz/cm2 at low cost and a timing resolution of about 2ns. In contrast, glass RPC tech-

nology reaches far better timing resolution but is limited to rates of typically below 50

Hz/cm2 and is far too expensive to cover the 180 m2 area needed in the PHENIX muon

trigger upgrade.

The RPC upgrade is supported through a $2M NSF major research equipment initiative

under the leadership of the University of Illinois and $0.3M of institutional contributions

from Iowa State University, University of California at Riverside, University of Illinois and

the RIKEN BNL Research Center. Overall the muon trigger upgrade project presently in-

volves 83 physicists and students from 19 institutions in PHENIX. RPC mass production is

anticipated to start in the summer of 2008 and the installation will occur in increments

during the summer months in 2009 (RPC stations 2 and 3 and Absorber North), 2010

(RPC stations 2 and 3 and Absorber South) and 2011 (RPC stations 1 North and South if

needed). Therefore a first full trigger consisting of the FEEs and two Planes of RPCs will

be available for one side in 2009 and for both sides in 2010.

3.2.1 Trigger performance

In order to develop and refine the design of the muon forward trigger a set of Monte

Carlo simulations were performed. These simulations relied on the full PHENIX detector

simulation package PISA, and simulated events were generated using the full PHENIX

detector geometry expected to be in place during the time period when the muon forward

trigger is expected to be running. The goal of these simulations is to demonstrate sufficient

rejection power and redundancy in the trigger design to achieve the physics goals of the

polarized proton program.

The forward muon trigger algorithm is RPC-driven, and works by making combinations

of RPC1-2 hits and then using projections of this combination to establish confirming hits

in RPC3 and MuTr Station 2. The full detector granularity of the RPC stations is not used

in the LVL1 trigger. Instead, rings of identical strip width will be combined at LVL1 to form

four regions in theta over the full acceptance, as opposed to the nominal eight regions. Of

the two stations at RPC1, it is assumed that only RPC1a is instrumented for the trigger.

In the trigger simulations, hit matching is done within windows in theta angle at the RPC

chambers. Practically, this will correspond to a hardware mapping between channels in

the different RPC detectors.

The efficiency of the trigger algorithm was checked using simulated 25 GeV/c single

muon tracks. The efficiencies for single muon tracks vary between 92-98% as a function

of the φ angle cut between the RPC1 and RPC2 hits. An angle cut of 3 degrees is chosen to

32



Table 1: Trigger rejections for pp minbias events at = 500 GeV. A nominal RPC noise rate of

10 Hz/cm2 was included in the simulations.
North Arm South Arm Combined

φ ≤ 2 degrees 76,700 23,200 17,800

φ ≤ 3 degrees 47,500 15,600 11,800

Figure 24: Forward muon trigger rejection versus RPC noise rate. The error bars shown are

the statistical errors on the rejection factors.

maintain high efficiency for high-momentum single muon tracks. In the tables that follow

we will quote rejection power for both the three degree and two degree RPC angle cuts,

with the understanding that additional rejection power can be obtained by a small sacrifice

of efficiency for high momentum muons.

The expected rejection of the muon forward trigger is listed in Table 1. A nominal RPC

noise rate of 10 Hz/cm2 was assumed in these simulations. The combined north and south

arm rejections allow all real events to be recorded, given the DAQ bandwidth, without

need to scale down.

Finally, we examined the stability of the trigger rejection vs. the noise rate of the RPC

chambers. The results are shown in Fig. 24. The trigger rejection factor for the combined

arms remains above 10,000 for RPC noise rates < 50 Hz/cm2.
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3.2.2 MC Simulation and Analysis of the W Physics Program

There is great interest in measuring the spin contribution of light (anti)quarks in the pro-

ton via the production of W bosons (u + d̄ → W+ and d + ū → W−). The rate for W

production in proton-proton collisions at 500 GeV is small and thus the measurement re-

quires high luminosity running and a high signal to background ratio. In order to interpret

the measured muon asymmetry in terms of flavor separated polarized quark distributions,

it is important for the PHENIX muon spectrometers to measure both the muon charge sign

as well as its pT . In addition there are multiple possible sources of background for high pT

muon candidates to the W → muon measurement. Those are:

1. High pT muons from heavy flavor (D and B) semi-leptonic decays. However, ear-

lier studies indicate the pT distribution even for bottom quarks falls off and have

contributions well below the W → muons at pT > 20 GeV/c.

2. Some light hadrons (pions and kaons) will decay into muons before the front ab-

sorber and then penetrate the muon spectrometer as muons. These contributions are

included in our simulation. However, the pT distribution for these light hadrons falls

steeply and thus mostly contributes at low pT .

3. Decay muons, which undergo a large scattering interaction in MuTr station 2 and

thus have a mis-reconstructed high pT . We find that this contribution is small, noting

that station 2 has little material.

4. High pT light hadrons can punch through the absorber and into the MuID. These

reconstruct near the correct pT , but their cross sections are small.

5. Light hadrons can punch through the absorber, and then decay into muons inside

the MuTr tracking volume. The kink angle from the decay can lead to an incorrect

determination of the reconstructed pT , and thus low pT hadrons can create fake high

pT background.

For backgrounds 1-3 we find negligible contributions at high pT and that the rate for

background 4 becomes lower than the W → muon rate above a pT > 20 GeV. The fake

high pT tracks, type 5, are the dominant source of background and lead to a predicted

signal/background of 1/3 with the current detector included and 3/1 with an additional

absorber.

In Figure 25, we plot the breakdown of the initial background contributions by the

originating light hadron type. We plot the combined π+ and π− contribution as Pions

and then the different charge sign kaons separately. This background is larger for kaons

than for pions due to the shorter lifetime (cτkaon = 3.7 m, cτpion = 7.8 m) and also the

smaller Lorentz boost for the kaon at the same pT . The W signal is shown for both charges
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Figure 25: Raw false high pT background from kaon and pion decay yields vs the W-signal

without absorber and tight track quality cuts.

together, but the yields are only approximate as here only a PYTHIA simulation was used

as input to the detector simulation which is known to underestimate the yields. However

the raw background level is three orders of magnitude higher than the signal. Note that

the background distribution continues smoothly above pT > 40 GeV/c, but the W → muon

signal does not. However, for reconstructed W decay muons detector resolution will also

smoothen the kinematic edge of the pT distribution.

As an addition to this analysis the effect of possible absorbers was tested which reduces

the background by another order of magnitude. Since the contribution of kaons at low

transverse momenta are dominating the background only K+ with transverse momenta

between 1-2 and 2-3 GeV were created (while K− are similar). The momentum distribu-

tions after applying the basic cuts rescaled for a 800 pb−1 data sample are shown in Figure

26. It can be clearly seen that each additional level of absorbers reduces the amount of

background significantly. With a tighter set of track quality cuts which are found to be

95% efficient for W decay muons one can obtain additional rejection power of more than

a factor 100. Higher rejection factors are possible but could not be tested so far due to the

limited amont of remaining partcles in the simulation.

3.2.3 Tracking in p + p Collisions at High pT

The general tracking of the high momentum muons from W decays will be performed

with the already existing MuTr detector. The limited position resolution of the MuTr will

have an effect on the momentum resolution of the reconstructed muons. For this purpose

MC studies have been performed. At high momenta the large tail to higher momenta
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Figure 26: Low energetic K− background falsely reconstructed at high pT in the muon spec-

trometer depending on the thickness of the hadron absorber.

Figure 27: Momentum resolution for three different position resolutions in the muon tracker:

600 µm (blue), 300 µm (red) and 150 µm (black).

dominates these resolutions as can be seen in Fig. 27. This tail to higher momenta is due to

the very small angular deviation of such a track in the magnetic field. The finite resolution

of the MuTr might even lead to a misidentification of the charge sign of the muon which

could have severe implications on the extraction of the quark and sea quark (helicity)

distributions. The fraction of muons with misidentified charge reaches less than 3% at

highest momenta when assuming a position resolution of 300 µm for the momentum range

of muons originating from W decays. In the W analysis these misidentified fractions have

to be corrected for, but correspond to a minor change in the reconstructed asymmetries.
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3.2.4 W Production Modeling

The W signal was generated using the NLO QT resummed generator RHICBOS [30]. It

estimates the cross sections for W+ and W− from proton-proton reactions at 500 GeV

for the two muon arms, 1.2 < |η| < 2.2, as 21.8 pb and 15.0 pb respectively. For 300

(1300) pb−1 of integrated RHIC luminosity, 2900 (11700) W+ and 3200 (12800) W− are

expected in the muon arms for pT > 20 GeV/c. The roughly equal numbers are due to the

different production levels being canceled by the different kinematic distribution of the

Ws. The reconstructed numbers with the full detector simulation are on the order of 2300

(10,000) events each.

The different helicity cross sections were generated using polarized distribution func-

tions in RHICBOS based on DNS maximal and minimal sea scenarios [20], GRSV-2000

standard (red) and valence (blue) [54] and DSSV [32]. One can see the effect of the

polarized quark distributions already in the very different yields for positive and negative

helicity states which then translates into large asymmetries. The Jacobian peak disappears

in the reconstructed cross sections due to momentum resolution. However, this does not

affect the reconstruction of large asymmetries.

For the asymmetry reconstruction the events generated by RHICBOS were fed into the

standard PHENIX detector simulation based on GEANT3 including dead channels of the

muon detectors. Based on the previously described studies on the background rates an

overall signal to background ratio of 3/1 was implemented in the asymmetry calculation

and the tight cuts were applied. A polarization of 70% was assumed. The asymmetries for

forward, backward µ± for the different polarized parameterizations are shown as a func-

tion of the reconstructed pT in the acceptance after applying tight cuts and after inclusion

of a 3/1 signal to background ratio can be seen in Fig 28.

One clearly sees very large parity-violating asymmetries which reach about 30% for

forward µ+ and almost 50% for forward µ−. The overall measurements in the forward

direction will be significantly nonzero on the order of more than 6 standard deviations

with a luminosity of about 70 pb−1 for W− and about 3 standard deviations for W+. In

addition, it is also possible to distinguish different polarized parameterizations. While all

parameterizations roughly agree on the quark polarizations the sea polarizations are very

different. The differences between the polarized sea scenarios are becoming even more

evident in the backward region where one is most sensitive to the ∆ū polarization in the

µ− channel. Here one can reach a sensitivity to distinguish between a maximal and a

minimal DNS ∆ū on the 12 σ level with 300 pb−1. Due to only detecting the decay muon

the sensitivity to the ∆d̄ polarization in the µ+ channel is higher at central rapidities.
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Figure 28: Longitudinal single spin asymmetries for µ+ and µ− in the forward ( top plots) and

backward ( bottom plots) regions of the PHENIX detector as a function of the reconstructed

muon pT . The data has been obtained for GRSV standard, GRSV valence [31], DSSV [32],

and DNS [20] using a maximal and minimal sea polarization scenario in RHICBOS [30] after

detector simulation and inclusion of background for 319 pb−1 (full symbols) and 1300 pb−1

(open symbols) assuming 70% beam polarization.
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3.2.5 Impact of other detector upgrades:

In addition to the already mentioned upgrades two further detector upgrades in PHENIX

will further improve the W sensitivity by reducing the amount of background. The Forward

vertex detector, FVTX and the nose cone calorimeter, NCC will be installed upstream of the

central magnet yoke while the muon trigger RPCs and the additional hadron absorber will

be installed downstream of the central magnet yoke. Both the FVTX and NCC promise

significant additional rejection of the background through isolation cuts, precision track

and vertex matching or cuts on energy loss.
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